I. INTRODUCTION
The concept of ac/dc microgrids has been proposed in recent years [1] , [2] to increase reliability, power quality and decrease losses and pollution. Both ac and dc power systems have been studied and implemented for years. However, due to the advances in the power electronics technology, dc-based power networks have been used in industrial applications such as data centers [3] , space applications [4] , offshore wind farms [5] , ships [6] , electric vehicles [7] and HVDC transmission systems [8] . Many power sources and loads, such as photovoltaic (PV) modules, fuel cell units, batteries, motor driven loads, and full converter based generators (i.e. microturbines and wind turbines) have a natural dc coupling [9] . Therefore, it is a more efficient and reliable method to integrate these sources and loads into a dc-based system by using dc-dc power electronic converters [10] .
Power sharing control is a key issue in a stable and efficient operation of a microgrid. Many studies have been carried out to attain proper power management in ac and dc power systems at all three levels of the hierarchical control of a microgrid. In all of these studies, both tertiary and secondary control are done by communication links [11] - [14] . However, primary control is usually done with distributed droop methods.
The main objectives of the control system (primary and secondary) in a dc microgrid are voltage regulation at all buses and proportional load sharing among dispatchable sources [15] - [19] . Despite the simplicity of implementation, conventional droop methods suffer from poor voltage regulation and load sharing, particularly when the line impedances are not negligible [20] - [22] . The primary reason for this poor voltage regulation is the voltage drop caused by the virtual impedance. Another factor is the output voltage mismatch among different converters, which is crucial for the natural power flow in the dc systems. Possible solutions to the aforementioned issues have been reviewed in [14] . These solutions are either centralized or require a communication network throughout the microgrid [23] . A centralized secondary control in [24] measures the microgrid voltage, calculates a voltage restoration term, and sends the restoration term to all sources. Decentralized secondary controllers also, require communication link to regulate the average voltage and also increase the current sharing among the converters [14] . Therefore, a complicated communication network is needed to transmit data of voltages and currents between converters. Moreover, the delay of the communication link for both current and voltage data transmission affects the stability.
In this paper, conventional droop method is used to control the current sharing of converters. A distributed secondary controller is proposed to compensate the voltage drop due to the droop gains and line resistances and also to eliminate the mismatch of currents dispatched between converters. A lowband width communication link is used to transfer the data of currents of converters and the secondary controller locally controls the voltage and current of each converter. The main advantage of the proposed controller is locally regulating the voltage and current of converters by only using the data of currents. This paper is organized as follows. Section II explains the details of the power management system and the main idea of the proposed control system as a secondary controller. Small signal stability analysis is discussed in section III. Section IV presents the simulation results of the control scheme using PLECS. Finally, section VI summarizes the conclusions of this paper.
II. PROPOSED CONTROL APPROCH
Proposed distributed secondary control system includes in two controllers for current sharing and voltage restoring in microgrid. The control system and single line diagram of a typical microgrid is depicted in Fig. 1 is used to increase the accuracy of the dispatched current with conventional droop controller and Voltage Regulator restores the average voltage of the microgrid to the nominal value. Both regulators are described in the following.
A. Current Regulator
Current sharing among converters is conventionally performed by droop gain R dk which can be defined as (1) for k th converter.
where V max and V min is the maximum and minimum allowable voltage range and I nk is the nominal current of k th converter. However, because of the differences in line resistances, the currents are not proportionally dispatched among converters. The current regulator calculates the weighted average currents of all converters and tries to regulate the output current proportional to the nominal current of each converter. The average current (I avg ) can be calculated as (2).
where N is the number of converters, I j is the measured current and j is the sharing coefficient of j th converter respectively.
A simplified single line model of a dc microgrid with two converter is shown in Fig. 2 . At steady state, droop gain acts as a series resistor (R d1 & R d2 ). The secondary current regulator behaves as a small positive/negative resistor (r d1 & r d2 ) such that the total resistance of each line becomes proportional to the rated current of each converter. Hence, the relation between rated current (I nj ) and sharing coefficient ( j ) and total line resistance between j th converter and Point of Common Coupling (PCC) can be described as:
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where r j is the resistance of the line connected to j th converter.
Effect of current regulator in power sharing system is schematically described in Fig. 3 . The blue graph shows the effect of conventional droop gain. The secondary current regulator changes the slope of this droop characteristics to reach the same current between two converters. Sharing coefficients are assumed 1 for both converters. Therefore, the accurate current sharing is obtained with droop controller and current regulator. However, the average voltage through the microgrid is decreased and a distributed voltage regulator is required to restore the average voltage of the microgrid.
B. Voltage Regulator
This regulator compensates the voltage drop though the droop gain. From Fig. 2 , the output voltage of each converter (V 1 & V 2 ) can be calculated as:
where V r is the reference value of the voltage loop. If sharing coefficients are assumed to be 1, then the droop gains have to be equal (R d1 =R d2 =R d ) and also, at steady states I 1 =I 2 . The output of the current regulators are: 
Applying primary droop controller and secondary current regulator causes average voltage drop equal to R d I. From the single line model of the microgrid depicted in Fig. 2 , internal voltages (i.e. E 1 & E 2 ) are equal to the average voltage calculated by (6) . Therefore, the distributed voltage regulator can estimate the internal voltage and regulate it at the reference value. In fact, the correction term ( vv ) shifts up the droop characteristics in Fig. 3 to restore the average voltage of the microgrid which can be calculetad as (7), where V * is the rated voltage of the microgrid.
III. SMALL SIGNAL STABILITY
In this section, analysis of small signal stability of the simplified dc microgrid depicted in Fig. 2 is described. The relation between converter voltage and PCC voltage can be find as: 
The set point value for primary controller is:
And the set point value for the inner voltage loop can be determined by primary controller as:
Substituting (5), (7) and (10) in (8) gives:
This equations show that the term of R d I which is related to the primary controller can be eliminated in low frequencies i.e. in the secondary controller frequency bandwidth. Therefore, primary controller tries to dispatch the current between converters based on droop gain and secondary controller tries to reduce the mismatch in current sharing as well as decrease the voltage drop because of the droop gain. Combining equations (5), (7), (8), (9) and (10) gives the system representation in state space as (13). 
The zeros of this matrix determines the poles of the system. For a simple system described in TABLE I, the root loci are shown in Fig. 4 
IV. SIMULATION RESULTS
A simplified dc microgrid with two converters like one in Fig. 2 is considered to validate the proposed control approach. The system parameters are given in TABLE I. Boost topology is selected for both dc converters with input voltage of 540 V and output voltage of 700 V. Each boost converter has L=2mH, C=500μF, switching frequency f s =20 kHz.
In Case I, the performance of proposed control method is validated and compared to the conventional droop controller without secondary controller. In this case a different line resistance are considered as well. In Case II, the performance of proposed controller is demonstrated at different loading conditions. Voltage and current waveforms are exhibited the performance of the controller.
A. Case I: Comparison with Conventional Droop Method
In this case, the performance of the proposed controller is demonstrated in the considered microgrid in Fig. 2 . The load of 100 is connected to the PCC. At first, the conventional droop method controls the current and voltage of the converters. As depicted in Fig. 6 , the currents are not equally dispatched between converters. However, after applying the secondary controller the output current of both converters are the same. Proposed controller regulates the average voltage of the microgrid at the nominal value (i.e. 700 V). As shown in Fig. 7 , after applying the proposed controller, the average voltage -yellow one -is settled at 700 V. Load voltage is around 680 V with conventional droop method, however, after applying the proposed controller, it regulates at 697 V.
In order to demonstrate the further performance of the control system, different line resistances are considered. Here, r 1 is fixed at 0.5 and r 2 is set to 1 and 2 respectively. The output current for both resistances are depicted in Fig. 6 and Fig. 8 respectively and also, the voltage of converters are shown in the Fig. 7 and Fig. 9 respectively. The equal current sharing and suitable voltage regulation is achieved with both resistances. 
B. Case II: Different Loading Condition
In this case, the applicability of the proposed control system is demonstrated in different loading conditions. The resistive load of 100 is connected into the PCC. At t = 2 s the other load with 100 resistance is turned on and at t = 4 s is turned off. The current and voltage waveforms of both converters are shown in Fig. 10 and Fig. 11 respectively. The equal and accurate current sharing at both 100 and 50 loading conditions are achieved. The acceptable transient response of the secondary controller is obtained as well and the currents and voltages are settled at 0.5 second. The average voltage of the grid is regulated at the nominal value in both loading conditions. And load voltage deviation from the rated value is acceptable.
From the dc power flow theory, in case of no control on dc voltage, the currents have to be dispatched based on line resistances. Therefore, for the case with r 1 = 0.5 and r 2 = 1 the output current of first converter has to be 2 times more than the second one. However, all simulation results show that the primary controller dispatch the currents regarding to the droop gain and the secondary controller reduces the mismatch between currents and also restores the voltage drop as well. 
V. CONCLUSION
This paper has presented a reliable secondary control with low-bandwidth communication link for power management in LVDC microgrids to improve the voltage regulation and current sharing accuracy. Secondary control regulates the average voltage of microgrid and also, proportionally controls the output current of converters by carrying out the information of the other converter currents, without communicating the voltage information, and then, leads to increase of reliability. The viability of proposed control system is ensured for different line resistances and different loading condition. The proposed approach is verified by simulations based on PLECS. Future research will be focused on generalizing the proposed secondary control approach using the information of neighbor converters for multi converter microgrids.
